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ABSTRACT: Smectitic clay minerals are frequently identified in mangrove soils, but there is little information
about their types and origins. Besides their importance in the agronomical and geotechnical areas, smectites
play an important environmental role by adsorbing nutrients, organic pollutants and heavy metals. Smectites
found in mangrove soils can be of marine or continental detrital origin, or of neoformation origin. Thus, the
objective of this study was to identify the types of smectites present in the State of São Paulo mangrove soils
(Brazil), and to relate them to their possible origins. Soil samples were taken in five mangroves along the State
of Sao Paulo State coast line. The mineral composition of the clay fraction was identified by X-ray Diffractometry
(XRD) applying the Greene-Kelly test and by Fourier transform infrared spectroscopy (FTIR). Highlighting
the peaks in the 3,560 cm–1 band and in the region near 798 and 820 cm–1, there was a predominance of
nontronite in the soil at the Sítio Grande River, Pai Matos Island, Caranguejo Island and Itapanhaú River
mangroves, and possibly a lower concentration of ferric montmorillonite in the Escuro River mangrove.
Since the continental sediments in these environments are very poor in smectite, the origin of these minerals
in the mangrove soils studied is related to sedimentation left by past marine transgressions, to neoformation
processes, or yet to a combination of both origins.
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Esmectitas em solos de mangue no Estado de São Paulo
RESUMO: Minerais de argila esmectíticos são freqüentemente identificados em solos de manguezais, mas são
escassas as informações sobre os tipos encontrados e suas origens. A despeito da importância para a agronomia
e geotecnia, as esmectitas desempenham também importante papel no âmbito ambiental, atuando na adsorção
de nutrientes, poluentes orgânicos e metais pesados. Esmectitas em solos de manguezais podem ser de origem
detrítica, marinha ou continental, e também de neoformação. Assim, este estudo objetivou identificar os tipos
de esmectitas presentes em solos de manguezais do Estado de São Paulo e relacioná-los com suas possíveis
origens. Para tanto, foram amostrados solos de cinco manguezais distribuídos ao longo do litoral paulista, cuja
identificação dos constituintes mineralógicos da fração argila foi realizada por difratometria de raios X (DRX)
com aplicação do teste de Greene-Kelly e por espectroscopia no infravermelho com transformada de Fourier
(FTIR). Destacando os picos na banda de 3.560 cm–1 e na região próxima a 798 e 820 cm–1, verificou-se o
predomínio de nontronita nos solos dos manguezais do Rio Sítio Grande, Ilha de Pai Matos, Ilha do Caranguejo
e Rio Itapanhaú e, possivelmente menor participação de montmorilonita férrica no manguezal do Rio Escuro.
Como os sedimentos continentais destes ambientes são muito pobres em esmectitas, a origem destes minerais
nos solos dos manguezais estudados está relacionada à sedimentação deixada pelas transgressões marinhas
pretéritas ou aos processos de neoformação ou, ainda, com uma combinação de ambas origens.
Palavras-chave: teste Greene-Kelly, neoformação, nontronita
Introduction
Smectites in soils can have a detrital origin when in-
herited directly from the parent material or an
authigenic origin, by the transformation of other
phyllosilicates or by neoformation from the precipita-
tion of soil solution elements (Allen and Hajek, 1989).
The origins of montmorillonite and beidellite are related
to pedogenetic processes, and these minerals are com-
monly found in the continental environment. On the
other hand, the origin of nontronite is normally attrib-
uted to marine authigenic processes, being formed from
the alteration of volcanic rocks, hydrothermal formation
or seafloor halmirolysis (Hillier, 1995).
Since mangrove ecosystems are located in the tran-
sition between the continental and marine environments,
(Cooper, 2001), the sediment for their formation is sup-
plied by fluvial discharges, tidal currents and wave ac-
tion (Anthony et al., 2004). Smectitic minerals are fre-
quently found in mangrove mineralogical soil assem-
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blies (Marius et al., 1987; Behling and Costa, 2001, 2004;
Prada-Gamero et al., 2004), but there is little informa-
tion about the types of smectites present in soils under
this environment.
Estuarine environments are predominantly deposi-
tion areas and important heavy metal and nutrients res-
ervoirs (buffer zones) (Spencer et al., 2003). Therefore,
it is important to know their specific composition and
their mineralogical soil assembly, in order to understand
the physical-chemical processes taking place in these
environments.
Smectites in mangrove soils are believed to be of
mixed origin, partly continental and partly marine, with
the possibility of occurrence of different types of these
minerals, such as montmorillonite, beidellite and
nontronite. Thus, this study is aimed at identifying the
types of smectite present in mangrove soils in the State
of Sao Paulo, Brazil, and relating them to their possible
origins.
Material and Methods
The five mangroves studied are located in three re-
gions of the São Paulo State coast line: South Coast,
Baixada Santista and North Coast (Figure 1). In the South
Coast, soil samples were taken in the Sítio Grande River
(SG), Pai Matos Island (PM) and Caranguejo Island
(IGUA) mangroves, located in the Cardoso Island,
Cananéia Channel and Mar Pequeno right after the Valo
Grande base level, respectively; all of these mangroves
are part of the Cananéia-Iguape estuarine system. In the
Baixada Santista region, soil samples were taken in the
Itapanhaú River (ITA) mangrove, in the city of Bertioga;
soil samples were also taken in the North Coast, Escuro
River (RE) mangrove, located south of the city of
Ubatuba (Table 1).
The sampling was performed with a flooded soil au-
ger in the 0-20 cm (surface) and 60-80 cm (subsurface)
layers. The soil samples were submitted to pretreat-
ments, consisting of organic matter elimination with
H2O2 and the washing of soluble salts. The soil samples
were dispersed by agitation for 16 hours, using a sodium
hydroxide and sodium hexametaphosphate solution as
dispersant (Camargo et al., 1986).
The sand fraction was extracted by wet sieving and
the clay fraction by sedimentation. The Mg- and K-clay
were obtained by saturating the samples with 0.5 mol
L–1 magnesium and potassium chloride at pH 7, respec-
tively. XRD patterns were obtained for the clay fractions
of the samples using: i) random powder of the Mg- and
K-saturated clay, and the following oriented aggregates:
ii) air dried Mg- and K-clay (Mg and K), iii) Mg-clay eth-
ylene glycol solvated (Mg-E), iv) K-clay heated to 300ºC
for 3 hours (K300), v) K-clay heated to 500ºC for 3 hours
(K500) (Jackson, 1969).
Clay samples were analyzed for the Hofmann and
Klemen effect by the application of the Green-Kelly
(1953) test. These samples were washed three times with
LiCl 1 mol L–1 and then heated to 270ºC during 9 h
(Li270). Afterwards these samples were glycerol-solvated
(Li270G) and XRD patterns of the Li270 and Li270G
samples recorded (Lim and Jackson, 1986). Samples that
showed no expansion after solvation with glycerol indi-
cated that the charge was located principally in the oc-
tahedral sheet, which is characteristic of the presence
of montmorillonite. In contrast, reversible expansion in-
dicated that the charge is located in the tetrahedral sheet
and the esmectitic mineral present is beidellite and/or
nontronite.
The mineralogical identification was performed by
XRD and by Fourier transform infrared spectroscopy
(FTIR). X-ray diffraction analyses were performed with
a Philips X’Pert diffractometer (graphite monocromated
Cu-Kα radiation). The X-ray tube was operated with a
45 KV tension and a 40 mA current. The oriented clay
samples were analyzed between 3 to 35 º2θ and the non-
oriented powder samples between 3 to 70º 2θ in a step-
by-step 0.02 º2θ s–1 scanning in both cases.
Figure 1 - Geology and geomorphological division of São Paulo
State coastal plains, modified from Suguio and Tessler
(1992). The location of the sites sampled is shown.
evorgnaM edoC edutitaL edutignoL
tsaoChtuoS
reviRednarGoitíS GS S''84'40º52 W''35'65º74
dnalsIsotaMiaP MP S''84'95º42 W''91'45º74
dnalsIojeugnaraC AUGI S''82'34º42 W''00'43º74
atsitnaSadaxiaB
reviRúahnapatI ATI S''71'15º32 W''61'90º64
tsaoChtroN
reviRorucsE ER S''02'92º32 W''55'90º54
Table 1 - Geographic coordinate of mangroves studied
along São Paulo State coast line.
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The infrared analyses were performed with a
Shimadzu IR spectrometer using KBr pressed-discs (1 mg
of sample and 200 mg of potassium bromide) to study
the 4,000-400 cm–1 region. A more precise study of the
OH region (4,000-3,000 cm–1) was achieved using
fluorolube paste preparations (Russel, 1987).
Results
X-ray diffractograms
The mineralogical assembly of the clay fraction of
these soils is composed of smectite, mica, kaolinite,
gibbsite, goethite, quartz and feldspar (Figures 2 and 3).
Mica and kaolinite were present in soils in every sam-
pling location. Mica was identified by the 1.00, 0.50 e 0.334
nm peaks, while kaolinite was detected by the presence
of the 0.712 and 0.356 nm peaks, which collapsed after
heating to 550ºC. Kaolinite presented, in general, intense
peaks, with similar levels in all samples. Quartz was iden-
tified by the peaks related to interplanar spaces of 0.426,
0.334 e 0.237 nm; feldspars were identified by peaks in
the 0.64 and 0.65; 0.403 to 0.405; 0.374 to 0.378 and 0.317 to
0.322 nm regions. Gibbsite was observed in all samples,
identified by the 0.483 and 0.437 nm peaks. Goethite was
identified only in IGUA by the 0.418 nm peak (Figure 2).
Smectite was found in all samples, identified by the
1.4 nm peak, which shifted to 1.68 nm after ethylene gly-
col solvation. The PM mangrove stands out from the
other mangroves studied, by presenting higher intensity
in the peak related to the 1.40 nm interplanar spacing,
with no difference in intensity between the two soil lay-
ers. The 60-80 cm layer in the SG mangrove had the same
peak intensity at 1.40 nm as observed in the PM man-
grove, but the peak intensity in the 0-20 cm layer was
lower. The IGUA and ITA mangroves presented the
Figure 2 - Clay fraction X-ray diffractograms performed on
non-oriented powder samples of the surface layer in
the Sítio Grande River (SG), Pai Matos Island (PM),
Caranguejo Island (IGUA), Itapanhaú River (ITA)
and Escuro River (RE) mangroves. S (smectite), M
(mica), K (kaolinite), Gb (gibbsite), Gh (goethite)
Q (quartz), Fd (feldspar).
lowest peak intensities at 1.40 nm, mainly in the 60-80
cm layer. The peak intensity at 1.40 nm in the 0-20 cm
layer of the RE mangrove was similar to the SG man-
grove, and just as in IGUA and ITA mangroves, the 60-
80 cm layer had a lower intensity in this peak than the
surface layer (Figure 3).
The diffractograms of the Li saturated clay samples
(Li270 e Li270G) are presented in figure 4. The interlayer
expansion of the minerals present in the in SG, PM,
IGUA and ITA samples after glycerol solvation suggest
that the charges in the smectites of these soils are located
in the tetrahedral layer, indicating the presence of
beidellite or nontronite smectites. The expansion men-
tioned above was very tenuous in the RE mangrove
sample, which could indicate a smectitic mineral with
predominance of charges in the octahedral layer, such as
montmorillonite, as pointed by Lim and Jackson (1986).
Fourier transform infrared spectroscopy
The FTIR spectra obtained (Figures 5 a, b) were used
to distinguish nontronite from beidellite. The presence
of peaks in the 3,560 cm–1 band and in the region around
798 and 820 cm–1 indicates the presence of nontronite in
the samples analyzed, since beidellite has peaks in the 920
and 3,660 to 3,630 cm–1 bands (Borchardt, 1989). These re-
sults are in agreement with those presented by Kock et
al. (1995). Nevertheless, the peak intensity in the band
close to 820 cm–1 is higher in the SG, PM and IGUA man-
groves, slightly lower in ITA and very low in RE. The
low intensity in RE supports the XRD data, which reveals
small interlayer expansion after Li treatment, indicating
that this mineral could be a ferric montmorilonite instead
of a nontronite (Köster et al., 1999).
The 3,560 cm–1 band peak corresponds to the
AlFeOH bonds stretching vibration, and the 780 to 820
cm–1 bands correspond to the vibrations due to the
FeFeOH bonds deformation vibration (Frost and
Kloprogge, 2000). The IR data corroborate the XRD re-
sults, confirming the presence of gibbsite in all samples
(bands at 3,618, 3,525, 3,391 and 3,375 cm–1). Further-
more, the bands at 3,695, 3,666, 3,653, 3,620 and 912 indi-
cated the presence of kaolinite (Russel, 1987).
Discussion
The presented results reveal a generalized presence
of nontronite in the South Coast and Baixada Santista
mangroves, but there is some uncertainty about the RE
mangrove in the North Coast. The XRD and FTIR data
for this mangrove indicate the presence of ferric mont-
morillonite.
The soils in the river basins with drainage to the
studied coastal plains do not usually have smectite in
their mineralogical composition (Sakai and Lepsch, 1984;
Rossi, 1999; Furian et al., 2002; Ishida, 2005; Clemente
and Azevedo, 2007). Therefore, the nontronite present
in the soils studied was either inherited from continen-
tal platform marine sediments, is an authigenic mineral,
or a combination of both.
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Figure 4 - Clay fraction X-ray diffractograms of the surface
layer in the Sítio Grande River (SG), Pai Matos Island
(PM), Caranguejo Island (IGUA), Itapanhaú River
(ITA) and Escuro River (RE) mangroves,
demonstrating the Greene-Kelly test. N
(nontronite); M (mica); K (kaolinite). Li 270 (clay
fraction oriented aggregates treated with Li) e
Li270G (clay fraction oriented aggregates treated
with Li and solvated in glycerol).
Figure 5 - Fourier transform infrared (FTIR) spectra obtained
in the clay fraction of soils sampled in the Sítio Grande
River (SG), Pai Matos Island (PM), Caranguejo Island
(IGUA), Itapanhaú River (ITA) and Escuro River
(RE) mangroves. A) Spectra obtained in BrK dics
preparation; B) Spectra obtained in florolube paste
preparation.
Figure 3 - Clay fraction X-ray diffractograms (Mg and Mg-
ethylene glycol) of the surface and subsurface layers
in the Sítio Grande River (1), Pai Matos Island (2),
Caranguejo Island (3), Itapanhaú River (4) and
Escuro River (5) mangroves. S (smectite), M (mica)
and K (kaolinite).
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When formed in a marine environment, nontronite
is originated from volcanic rock alterations, hydrother-
mal fluids or by halmirolysis (Hillier, 1995). Montmo-
rillonite can also be formed in this environment
(Borchardt, 1989). On the other hand, laboratory synthe-
sis studies have shown that the crystallization of
beidellite occurs in temperatures above 150ºC
(Kloprogge et al., 1999). Thus, the seafloor authigenic
smectite is apparently related to the neoformation of
nontronite or even montmorillonite. The formation of
seafloor ferric montmorillonite from the oxidation of
pyrite was described in a recent study by Gaudin et al.
(2005) as the beginning of glauconitization. The pre-
dominance of nontronite or ferric montmorilonite in
platform environments, and thus its presence in estuary
soils would be expected, since the mineralogical assem-
bly of these environments can be formed from both ma-
rine and continental sources (Chamley, 1989).
Nontronite authigenesis in mangrove soils and sur-
face sediments can be possible according to the mecha-
nism proposed by Fernandez-Caliani et al. (2004), in
which cyclical changes in the redox potential of flooded
soils can favor the oxidation of pyrite and subsequent
nontronite formation in Si, Mg and Al rich environments.
Ferreira (2006) and Otero et al. (2006) found similar con-
ditions in the Pai Matos Island soils. The surface layer
of these soils under Rhizophora and Avicennia is highly
acid and has high Fe and sulfate concentrations in the
interstitial water as a consequence of iron sulfide (py-
rite, and metastable sulfides: FeS, Fe3S4) oxidation. Velde
and Church (1999) also observed the rapid transforma-
tion of illite into smectite in marsh soils, but did not
identity the type of smectite formed. It is possible to con-
sider the occurrence of a similar formation in mangrove
soils, since these are geomorphologically and geochemi-
cally analogous environments. Michalopoulos and Aller
(2004) described the rapid formation of authigenic sili-
cates in sediments at the Amazon River base level.
The strong reducing conditions in deeper soil layers
lead to a high sulfate-reducing activity, with H2S forma-
tion and intense Fe oxyhydroxide pyritizaton (Ferreira,
2006; Otero et al., 2006). These geochemical conditions
can contribute to the instability of nontronite. Thus, is
the absence or under low concentration of Fe
oxyhydroxides, the Fe and sulfate reducing bacteria can
promote the partial biological reduction of the Fe3+
present in the nontronite octahedral layer (Kostka et al.,
1996, 1999; Li et al., 2004). This process can lead to al-
terations in the crystallinity and in the physical-chemi-
cal properties of this mineral (Kostka et al., 1999; Li et
al., 2004), which could explain the decrease in peak in-
tensity and the increase in peak width of the subsurface
layer smectites in the IGUA, ITA and RE mangroves.
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